Introduction
The close relationship between the economy of individual countries and the extent of their medical activities has long been accepted as reality but has become a topic of research only in the last decade (Waitzkin 2003) . The relevance of macroeconomics in health provision has recently been highlighted by the World Health Organization (WHO), with more solid organ and hematopoietic stem cell transplants (HSCT) performed in more affluent countries (White et al. 2014; Gratwohl et al. 2015) . Allogeneic HSCT represents one role model of a low volume, high cost, but lifesaving medical procedure (Copelan 2006; Majhail et al. 2013; Khera et al. 2012 ). There is a strong association of countryspecific economic factors with its use. Extensive studies have indicated significant correlations between transplant rates, e.g. the number of transplants compared to the number of inhabitants, and macroeconomic indices such as Gross National Income/capita (GNI/cap) or the availability of an unrelated donor registry. For a functioning national transplant network, a country must have a minimum size and a minimum of resources, teams require a minimum of support, donors must be available and patients have to have access to the transplant (Gratwohl et al. 2015; Gratwohl et al. 2010a; Gratwohl et al. 2010b) .
It is intuitive that country-specific macroeconomic factors could have an impact on outcome as well. The vast numbers of well recognized patient-, disease-, donor-and transplant technique associated risk factors hamper simple comparisons (Copelan 2006; Giebel et al. 2010; Gratwohl et al. 2009 ). There is as well a potential independent role of center-specific microeconomic factors at the level of the individual team. Complex medical procedures require the close cooperation of multiple persons and institutions, training, competency and experience; in short, team expertise. The role of "minimal center size" or "patient/ hospital volume" has been discussed for many years, with conflicting data (Loberiza et al. 2005; Gratwohl et al. 1989; Frassoni et al. 2000; Matsuo et al. 2000; Giebel et al. 2013; Klingebiel et al. 2010; Horowitz et al. 1992; Taylor et al. 2013) .The topic of "center experience" is not restricted to HSCT but a matter of debate in many fields of medicine. Data suggest that minimum numbers of specific practice are required to perform complex medical procedures safely; again, results have been conflicting (Hunsicker et al. 1993; Ozhathil et al. 2011; Guba 2014; Birkmeyer et al. 2003; Lüchtenborg et al. 2013) . Hence, relatively arbitrary thresholds have been set in accreditation standards (Jones et al. 2006 ; http://www.jacie.org/standards/6th-edition-2015 n.d.). However, patient interest groups, health policy makers, competent authorities and other stakeholders are increasingly asking for objective measures of patient safety and outcome. They expect transparency and fair systems of comparisons between centers (Horowitz et al. 1992; Logan et al. 2008) .
We previously identified JACIE accreditation as a center-specific factor after allogeneic HSCT and found indications for an effect of patient volume (Gratwohl et al. 2014) . We used this well-defined large cohort of patients to investigate the multifaceted relationship between potential center-and country-specific economic factors and long-term outcome after the less complex autologous or the more complex allogeneic HSCT.
Methods

Study design
This retrospective observational analysis was based on a previously published cohort. It consists of patients transplanted between January 1st 1999 and December 31st 2006 and reported by 404 teams (see appendix) to the European Society for Blood and Marrow Transplantation (EBMT) database (www.ebmt.org) (Gratwohl et al. 2014) . The analysis was initiated on January 1st 2013; when all analyses were completed, patient's survival data were updated as of January 1st, 2015. Last follow-up time was used as endpoint. Endpoints in all analyses were overall survival, relapse, non-relapse mortality and relapse free survival. They served as indicators for team expertise in complication management (non-relapse mortality), and as indicators for team expertise in disease management (relapse incidence). Relapse incidence and nonrelapse mortality were taken as competing risks. All data were censored at 8 years post HSCT to provide for a homogeneous observation period.
All EBMT teams are required to obtain patients' consent and to have internal review board approval for their transplant programs and for data transfer to EBMT. The present study was released by the Ethics Committee Nordwest-and Zentralschweiz (www.eknz.ch).
Patient population
The cohort was restricted to 102,549 patients, 59% males, with a first allogeneic (N = 37,542; 37%) or autologous HSCT (N = 65,007; 63%) for an acquired hematological malignancy from 1999 to 2006 (Table 1) . This corresponds to 93% of all patients transplanted during this time frame by the participating teams with these indications (see appendix). The cohort was heterogeneous; there was an increase in acute and a decrease in chronic myeloid leukemia and an increase in EBMT risk score over time (Gratwohl et al. 2009 ). Allogeneic HSCT was preferentially used for acute leukemias (N = 21,991; 78% allogeneic), chronic leukemias (N = 7486; 83% allogeneic) and myelodysplastic/myeloproliferative disorders (N = 3864; 94% allogeneic); autologous HSCT was preferentially used for lymphoma (N = 32,358; 91% autologous) and plasma cell disorders (N = 24,500; 95% autologous) ( Table 1 ; Fig. 1 ). There were significant differences between centers regarding program duration ( Fig. 1a, b; supplementary Fig. 1a) , and patient volume (Fig. 1c; supplementary Fig. 1b) , and between accredited and non accredited centers (Gratwohl et al. 2014 ).
Definitions of selected economic factors
Economic factors were defined at the center (microeconomic) and country (macroeconomic) level as follows. Center program duration was defined by the numbers of years since the first transplant. Years were counted separately for the combination of each main indication and transplant type (allogeneic versus autologous HSCT) from the first transplant in the center up to the transplant of the individual patients included in the study ( Fig. 1b; supplementary Fig. 1a ). Center patient volume was defined by the number of HSCT by transplant type for each main indication in the respective year of each of the transplants ( Fig. 1c; supplementary Fig. 1b) . Center accreditation was defined by having obtained JACIE accreditation (www.jacie.org) by 2012 at the latest. The year 2012 was chosen on purpose; it corresponds to the previous analysis (Gratwohl et al. 2014) .
For the analysis of country-specific macroeconomic factors, each country constituted one observation in the data set. As covariates, we used its HDI (Human Development Index), GNI/cap, Health Care expenditures/capita (HCE/cap), team density (defined as number of transplant teams per 10 million inhabitants) and transplant rates (defined as number of transplants per 10 million inhabitants). Information on population data and GNI/cap and HCE/cap were obtained from the World Bank (www.worldbank.org). Information on HDI was obtained from the United Nations Human Development Report (http://hdr.undp. org/en/statistics/hdi). 
Statistical analysis
The focus of the statistical approach was the interaction between center-and country-specific macroeconomic factors, and their possible effects on outcome. All analyses were adjusted for the established key risk factors related to patient, disease, donor and transplant technique (Gratwohl et al. 2009 ). Covariates in all models were main disease (acute leukemia, chronic leukemia, myelodysplastic−/myeloproliferative syndrome, lymphoma and plasma cell disorders) and conditioning (reduced intensity conditioning/standard conditioning) as stratum. Included were age in four categories (b20 years, 20-40 years, 40-60 years and N 60 years) and donor relationship for allogeneic HSCT (HLA-id sibling donor, matched unrelated donor, mismatched related and unrelated donor) as independent factors. EBMT risk score and calendar year were used as continuous variables. "Center" was included in all analyses as cluster. Patient volume and program duration were included as continuous variables.
Survival over an 8 year period was modeled using the center-specific factors (program duration, patient volume, and accreditation status) as well as established treatment, disease, patient and donor risks factors. An extended COX proportional hazards model was used. For an analysis at the country level, hazards between countries were analyzed together with country-specific macroeconomic factors and searched for a relation with transplant outcome. Country-specific hazard ratios were adjusted for established treatment, disease, patient and donor risks factors and for patient volume, program duration and center accreditation. The dependent variable for each country (the variable to be tested for association with the country-specific macroeconomic factors) is the Hazard Ratio of that country in a model containing all patient-and center-specific covariates. The hazard ratios for each country are the country-specific properties quantifying the excess risk or benefit for the four endpoints, in each country compared to the average risk among all countries. Ordinary least squares regressions as well as parametric and non-parametric correlation coefficients were used for associations between country-specific macroeconomic factors and the country-specific hazard ratios, again for all four outcome endpoints.
Country-specific macroeconomic factors varied over time but with minor changes in the ranking of the individual countries over time.
Regression analyses confirmed the close association of the 2012 value with the mean value over time (HDI: R 2 = 0·967; GNI/cap: R 2 = 0·966; HCE/cap: R 2 = 0·977; population: R 2 = 0·998; supplementary 
Results
At the time of the analysis, 61,645 patients were alive, 40,904 had died. The probability of overall survival at 8 years was 48%, of relapse free survival 36%, of relapse incidence 45% and of non-relapse mortality 19%. Of note, overall survival declined from 76% at 1 year to 63% at 3 years, and 56% at five years. Outcome differed significantly between allogeneic and autologous HSCT with higher non-relapse mortality (30% vs 13%) and lower relapse incidence (33% vs 53%) after allogeneic HSCT (overall survival 43% vs 51%; relapse free survival 37% vs 35%). Overall survival improved significantly over time for allogeneic HSCT (per 10 years HR 0·70; 0·64-0.77; p b 0·001) and autologous HSCT (per 10 years HR 0·69; 0·63-0·76; p b 0·001).
Survival was significantly influenced by EBMT risk score. Overall survival decreased for each score point (allogeneic HSCT HR 1·21; 1·19-1·23; p b 0·001; autologous HSCT HR 1·17; 1·15-1·19; p b 0·001) due to increasing relapse incidence (allogeneic p b 0·001; autologous p b 0·001) and non-relapse mortality (allogeneic p b 0·001; autologous p b 0·001) (Tables 2 and 3) .
Center and country-specific economic factors
We observed a close interaction between center and country specific economic factors but with distinct differences between allogeneic and autologous HSCT. Centers in higher income countries were more likely to be accredited (allogeneic HSCT −.678; p b 0.000; autologous HSCT − .693; p b 0.000) and to have a longer disease specific experience (allogeneic HSCT −.886; p b 0.000; autologous HSCT −.577; p = 0.001). Centers in higher income countries were more likely to have a higher patient volume of allogeneic (−.678; p b 0.000) but not of autologous HSCT (−.138; p = 0.482) (Spearman's rank test, factor vs GNI/cap/HDI). 3.1.1. Center-specific microeconomic risk factors and outcome after HSCT Overall survival was significantly higher in JACIE accredited centers (N = 119 vs 180; HR 0·93; 0·87-0·99; p = 0·03) for patients transplanted with an allogeneic HSCT due to decreased non-relapse mortality (Table 2) . Results confirmed previous findings with a now substantially longer follow up of a minimum of 8 years. We found no significant effects of JACIE accreditation after autologous HSCT (Table 3) .
We showed a systematic and significant increase in overall and relapse free survival and a systematic decrease in non-relapse mortality and relapse incidence with patient volume, with a decrease in the hazard ratio, quantified by steps of 10 patients (HR 0·87; 0·84-0·91; p b 0·001 for overall survival in allogeneic HSCT (Fig. 2a) ; HR 0·91; 0·87-0·96; p b 0·001 in autologous HSCT) (Tables 2 and 3 ). The same systematic and significant increases in overall and relapse free survival were observed with increasing disease-specific center program duration, quantified in steps of 10 years (HR 0·90; 0·85-0·90; p b 0·001 for overall survival in allogeneic (Fig. 2b) ; HR 0·93; 0·87-0·99; p b 0·02 in autologous HSCT). Significant effects were seen on both Multiplier of the hazard ratio (interaction term in model) for the difference in speed of improvement between accredited and non-accredited centers. EBMT risk score (score points 0-7 for allogeneic, 0-5 for autologous HSCT: age of patient: b20 years = 0, 20-40 years = 1, N40 = 2; disease stage: early = 0, intermediate = 1, advanced = 2; time interval from diagnosis to transplant: b1 year = 0, N1 year = 1; allogeneic HSCT only: donor type: HLA id sibling = 0; other donor = 1; donor recipient gender combination: all other = 0, female donor for male recipient = 1). Table 3 Autologous HSCT. Probability of overall survival (OS), relapse free survival (RFS), relapse incidence (RI), and non-relapse mortality (NRM) after HSCT depending on center specific economic factors. Numbers represent hazard ratios (HR), adjusted for all other risk factors by stratification (see Methods section for details). non-relapse mortality and relapse incidence after allogeneic HSCT, only on relapse incidence after autologous HSCT (Tables 2 and 3) .
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Country-specific macroeconomic factors and outcome
Integrating these center specific microeconomic factors at the individual patient level, outcome over the 8 year period of observation differed significantly between individual countries, independent of, but adjusted for patient, donor, and disease and center-specific risk factors. The effects differed for the individual macroeconomic factors by type of HSCT and the endpoint assessed. After allogeneic HSCT, overall survival and relapse free survival were significantly higher, and nonrelapse mortality and relapse incidence lower in countries with higher economic indices. Relapse free survival, was significantly associated with GNI/cap (R 2 16%; p = 0·009), HDI (R 2 21%; p = 0·012), HCE/cap (R 2 20%; p = 0·016) or higher transplant rates (R 2 16%; p = 0·017) in univariate analysis. All macroeconomic factors were closely related with each other; in multivariate analysis, the product of HCE by GNI/ cap (R 2 = 18%; p = 0·004) (Fig. 3a) remained the sole significant variable. In contrast, no significant associations between country-specific macroeconomic factors and outcome could be found after autologous HSCT (Fig. 3b) . Of interest, there was no significant correlation between the hazard ratios of the individual countries for allogeneic and autologous HSCT, with one exception. Countries with lower levels of non-relapse mortality after allogeneic HSCT had a lower non-relapse mortality after autologous HSCT as well (R 2 = 25%; p = 0·011).
Discussion
Country-and center-specific economic factors were significantly associated with outcome in this large cohort of patients treated with an allogeneic or autologous HSCT. Survival was significantly and consistently better when the transplant was performed in a center with a higher patient volume and with longer program duration. It was significantly better after allogeneic HSCT when the transplant was performed in an accredited team and in a country with more resources. The effects on outcome were systematic and clinically relevant but there were distinct differences between allogeneic and autologous HSCT. The observed better overall and relapse free survival after allogeneic HSCT was accompanied by a similar systematic reduction in relapse incidence and non-relapse mortality. In contrast, improved survival after autologous HSCT with increasing patient volume or program duration was restricted to a systematic reduction in relapse incidence; there were no significant associations with non-relapse mortality, with accreditation or with country specific macroeconomic factors.
These differences between allogeneic and autologous HSCT warrant some explanations, as the systematic pattern of the effects renders a simple chance finding unlikely. They help as well to understand the findings. Allogeneic HSCT is a highly complex procedure with nonrelapse mortality as the main cause of failure, autologous HSCT is less complex but with a high risk of relapse (Copelan 2006; Gratwohl et al. 2009 ). HSCT is not an isolated procedure; outcome depends on the pre-transplant history, the patient and donor selection and includes long-term post-transplant follow-up. Only half of the mortality occurs within the first year after HSCT. Success requires expertise in disease and complication management and the close collaboration of multiple individuals at various levels and over a long time period. Longer program duration and a higher patient volume can improve expertise in disease management, as shown by the reduced relapse rate and improved survival for all patients. Longer program duration, a higher patient volume and standardized patient management (indicated by the JACIE accreditation) can improve expertise in complication management as shown by the reduced non-relapse mortality after the more complex allogeneic HSCT with its inherently higher non-relapse mortality. These microeconomic center effect findings fit with the macroeconomic country observations. The impact of more resources for the health care system in a given country (indicated by the proportion of HCE/cap of the respective GNI/cap) and of the network infrastructure (as indicated by the HDI) became visible only after the more complex allogeneic HSCT with its higher non-relapse mortality over a long time period. More resources are required to achieve sufficient expertise for the team, and to maintain the pre-and post-transplant networks for individual patients (Majhail et al. 2012) . This is probably best reflected by the lower long-term survival of patients transplanted in the years 1999 to 2006 in a center that failed to strive for accreditation at least in 2012.
The present findings fit into ongoing general discussions on quality assurance, safety issues, center comparisons and minimum numbers of patients required for specific complex treatments (Horowitz et al. 1992; Taylor et al. 2013; Hunsicker et al. 1993; Ozhathil et al. 2011; Guba 2014; Birkmeyer et al. 2003; Lüchtenborg et al. 2013) . Our data indicate that there is no threshold, rather a systematic impact of both, experience in years and experience in numbers. "Center effects" therefore should not be reduced to just one aspect, such as patient volume, learning curve or surgical skills (Guba 2014; Birkmeyer et al. 2003) . Microeconomic center-specific effects comprise program duration, patient volume, center accreditation as well as training programs, standardization and individual skills; they are complemented by the respective country-specific factors. Data show as well that team expertise in disease and complication management is required for optimal outcome (Majhail et al. 2012 ).Measuring day 30 or day 100 mortality alone is an insufficient measure of quality assurance when long-term disease free survival presents the most valid endpoint. As evidenced by this study, individual center-or country-specific economic factors may impact variably according to and depending on the complexity of the procedure (Greenfield et al. 2014; Apperley et al. 2000) . Our results potentially apply to solid organ transplantation and other fields of complex medical care as well.
Our study has some limitations. We describe associations, not causal effects. A higher patient volume may not necessarily improve survival and a long-established institution still can have poor results. We tried to adjust for key patient-, donor-and treatment-related factors. We cannot exclude that patient risk profiles differed significantly between centers or countries and might have accounted for some of the differences. We have no explanation why the country specific hazards were favorable in some after allogeneic but not autologous, or vice versa or after both. Further studies are required, not to address "who is better", but rather to dissect potential reasons for the differences, and what measures are required to improve clinical practice, education, competency and infrastructure in centers with poorer outcomes to make them as good as those centers with the best outcomes. We could not identify significant associations of economic factors with non-relapse mortality after autologous HSCT. The relative low non-relapse mortality is an insufficient explanation per se; we observed a significant reduction of non-relapse mortality over time and found a positive correlation in country specific non-relapse mortality for autologous and allogeneic HSCT. The larger, accredited teams showed a trend for lower nonrelapse mortality but higher relapse incidence; they might have a shorter waiting time, associated with a slightly higher risk profile of their patients .
The results of this report have implications. Outcome comparisons directed to patients will need to integrate country-and center-specific micro-and macroeconomic factors for an informative evaluation of the disease-specific experience of their respective transplant center. Transplant organizations and transplant centers will have to consider concentration on specific disease entities. The prospect of every transplant team embarking on or continuing HSCT for all potential indications should be reappraised by transplant communities and health service commissioners, and concentration of clinical practice may improve outcomes in a defined population or region. Those looking to establish new centers should embark on transplant activity if they have sufficient resources for infrastructure and a clear perspective to achieve adequate activity and accreditation over a rapid and predefined time period. Professional organizations such as EBMT and JACIE are challenged to support emerging teams in less privileged countries via training and partnership programs to achieve these goals. Small centers in high income countries and close to existing larger enters, in contrast, might need to reconsider their activities. Competent authorities should be aware of these results which might not be restricted to HSCT. They should foster, in cooperation with the transplant organizations, regulations and legislations, and facilitate regional task distribution (Jones et al. 2006 ).
In conclusion, these results show that macroeconomic factors are systematically and significantly associated with outcome after HSCT. Clinical HSCT practice should accommodate for the needs of individual patients with specific disease states, with the appropriate stem cell procedure, delivered at experienced transplant centers, thereby providing better outcomes regarding long-term survival, quality of life and costeffectiveness, compared to any other non-transplant strategy. We recommend that micro-and macroeconomic factors should be integrated into clinical transplant practice for both, individual patients and for the cooperative working between regional transplant centers, to improve outcomes through better patient selection and increased expertise in disease-and complication management.
Funding
The study was funded by the European Group for Blood and Marrow Transplantation EBMT and the European Leukemia Net ELN. EBMT is supported by grants from the corporate members: Amgen Europe, ViroPharma Europe, Celegene International SARL, Genzyme Europe B.V., Gilead Sciences Europe Ltd., Miltenyi Biotec GmbH, ScheringPlough International Inc., Bristol Myers Squibb, CaridianBCT Europe NV, Cephalon Europe, F. Hoffmann-La Roche Ltd., Fresenius Biotech GmbH, Therakos Inc., Alexion Europe, Chugai Sanofi-Aventis, Merck Sharp and Dohme, Novartis, Pfizer, and Pierre Fabre Médicament.
Authorship and disclosures
AG and RB designed the study concept. E McG, CRdE and HB were responsible for the collection and quality control of the data and the organization of the datasets. AS, AR and JAS were responsible for the JACIE accreditation part. PD, NK, PL, MM and AN were responsible for the adequacy of the data within the working parties of the EBMT. RB and TS performed the statistical analysis. JP is responsible for the EBMT activity survey office. MG advised the macroeconomic aspects. AG and RB had access to all data and wrote the manuscript. All authors have contributed significantly to the manuscript, seen the final version and approved it.
Writing of the manuscript was the sole responsibility of the authors. There are no conflicts of interest to declare.
